ABSTRACT In order to resolve the safety and stability of the power supply for household appliances, a system of wireless power supply for household appliances with Bluetooth communication based on electromagnetic resonance is proposed. In this paper, the energy model of wireless power transfer system is first proposed, which is based on the circuit equations and variable substitution, more accurate than the coupled-mode model and simpler than the circuit model. Then, the characteristics of output power and transfer efficiency of the wireless power transfer system are analyzed, and a system of wireless power supply for small household appliances has been designed and implemented. Furthermore, Bluetooth communication is applied to achieve various protection functions of the system, therefore enhancing the safety and stability of the system. Experimental results show that this power supply system achieves a stable output dc voltage of 48 V and a large output power of 100 W, the total efficiency is more than 80% within a distance of 30 cm.
I. INTRODUCTION
With the rapid development of science and technology, and the continuous improvement of people's living standards, people gradually realize that there are many shortcomings in the traditional wire-based power transfer method. Firstly, the wear, aging and corrosion of the wires may lead to electric leakage accidents, which may burn out the electric appliances or even cause power system failures, endangering people's safety [1] . Secondly, with the continuous enrichment of household appliances and daily electronic products, various kinds of power cords and outlets have caused unnecessary troubles for people's lives and reduce the convenience of people's lives [2] . Therefore, to avoid the above shortages of the wire-based power transfer method, the wireless power transfer (WPT) technology has gradually attracted extensive attention, based on the security, convenience and reliability of this technology, increasing number of products with the function of wireless charging widely enter into people's lives.
In 2009, Dell introduced a wireless-powered laptop, namely Latitude Z, that combines WPT technology with the power of the laptop, the time required for charging saturation is as good as the standard charger [3] . In 2010, Haier demonstrated the world's first no-tail TV at the 43 rd International Consumer Electronic Show (CES), which was developed by Haier and the Massachusetts Institute of Technology, and realized wireless power supply based on magnetic coupling resonance [4] , [5] . In the same year, Haier cooperated with Chongqing university to develop an inductively coupled wireless power supply system for kitchen appliances (blender, rice cooker and others) by using the principle of electromagnetic induction coupling. Then in 2012, Haier launched the world's first no-tail kitchen electricity at the International Funkausstellung Berlin (IFA), which opened a new chapter in the future of kitchen appliances [6] . In 2013, the Toshiba unveiled an OLED lighting panel supporting wireless power transfer at Tokyo Lighting Fair [7] . In recent years, the products based on wireless power supply have emerged in an endless stream, and wireless power supply for household appliances has received more and more attention.
However, the wireless power supply technology of household appliances is still not mature enough, and there has been a lot of efforts on how to improve the power and the transfer efficiency, and to introduce flexibility to application. In [2] , a small-scale resonant coupling prototype is designed and the transfer efficiency goes up to 75%, but when the distance exceeds 10cm, the efficiency drops to less than 50%, which is an obvious restriction for application. In [8] , a dipole coil design is presented to improve the efficiency and they successfully transferred 150W power, however there must be a reflector either beside the transmitting coil or beside the receiving coil, thus the structure is too complicated for home use. Also, Kim et al. [9] are working on using an intermediate resonant coil of two loops to enhance energy transfer to power a TV, however the transferring efficiency is only 72.85% and the intermediate coil is causing too much energy lost and complexity. Reference [10] expresses the design of a WPT system with multiple self-resonators for an LED TV and exhibits the transfer efficiency of 80%. But it has the same problem on system structure which cause too much trouble on usability.
Therefore, in this paper, a system of wireless power supply for small household appliances based on electromagnetic resonance with a power of about 100W is proposed and designed. Firstly, based on circuit theory, the energy model of the system is established, and the characteristics of output power and transfer efficiency are analyzed. Then, the experimental prototype of the system is built, to better understand the characteristics of the system, we tested the total efficiency and output power within a distance of 25cm to 45cm, and found that the total efficiency within 30cm is more than 80%, which satisfies the demand of household appliances with high system efficiency. Moreover, the control strategy based on Bluetooth is further proposed to realize wireless communication of WPT system, which ensures the stability of output voltage and power, improves the reliability and efficiency of the system, greatly reduces the load loss and achieves various protection of no-load, overvoltage, overcurrent and close distance, which improves the security and reliability of the system.
II. SYSTEM STRUCTURE
The system of wireless power supply for small household appliances mainly contains transmitter module, receiver module, and load (that is small household appliance), the block diagram of the whole power supply system is shown in Fig. 1 . The transmitter module transmits electric energy to receiver module through air based on the principle of electromagnetic resonance, then the receiver module provides power for household appliances. The detailed circuit diagram of the system is shown in Fig. 2 .
As illustrated in Fig. 2 , The transmitter module includes a rectifier to provide 45V dc power supply for class-E highfrequency inverter that generates 1 MHz sinusoidal current, a transmitting coil, a series capacitor for making up a resonator with transmitting coil and Bluetooth module to receive feedback from receiver module, the receiver module comprises a receiving coil, a series capacitor to make up a resonator with receiving coil, an uncontrolled rectifier, a DC-DC converter to control the output power and Bluetooth module to feed the load information to transmitter module in real time, the load refers to small household appliances. Specifically, the Bluetooth communication module is applied to ensure the stable operation of the system so as to improve the efficiency in this paper.
III. ENERGY MODEL OF WPT SYSTEM
In general, the rectifier and class-E inverter are assumed to be a high frequency ac voltage source u s , and the equivalent ac resistance is R L . Thus, any WPT system can be simplified as a two-coil equivalent circuit, regardless of the number and structure of its coils, as shown in Fig. 3 . The inductances of the transmitting coil and receiving coil are L 1 and L 2 , the corresponding resonant capacitances and internal resistances are referred to as C 1 , C 2 , R 1 and R 2 , the currents flowing through transmitting and receiving coil are i 1 and i 2 , and the voltage across the resonant capacitances of the transmitter and receiver are u 1 and u 2 . M is the mutual inductance between the transmitting and receiving coil.
According to the energy storage characteristics of inductors and capacitors, the total energy stored in the transmitter and receiver, W 1 and W 2 , can be expressed as
Defining the conjugate complex variable pairs of energy e 1± and e 2± as
= e 2+ e 2− = W 2 . From (2), we can get the expressions of the voltage and current, u 1 , u 2 , i 1 and i 2 as
where m =1 or 2. The voltage and current equations of the circuit in the Fig. 3 are
Substituting (3) into (4) to eliminate u 1 , u 2 , i 1 and i 2 , we can obtain the energy model of WPT system as
(5b)
are natural frequencies of transmitting and receiving coil, respectively.
Since e 1+ (e 2+ ) and e 1− (e 2− ) are complex conjugate pairs, they can be represented by counter-rotating vectors, the normal modes e 1+ (e 2+ ) will be little affected by the complex conjugate modes e 1− (e 2− ). Neglecting the coupling terms between normal modes e 1+ (e 2+ ) and complex conjugate modes e 1− (e 2− ), (5) can be reduced to
where
According to (6), the energy transfer waveforms of the two coils without the load and with the load can be obtained as shown in Fig. 4(a) and Fig. 4(b) , in which all energy variables are divided by W 1 for normalization.
From Fig. 4 , it can be found that when all the initial energy is stored in the transmitting coil, as time evolves, the energy is exchanged back and forth between the transmitting and receiving coil, and eventually the energy oscillatory damps to zero, the damping ration is related to the internal resistances and load resistance of the system. Considering all quantities oscillate as e jωt , the solution of (6) can be represented as
The power delivered to the load can be described as =
and the transfer efficiency can be given as
(9) VOLUME 6, 2018 Comparing with output power and transfer efficiency of the circuit model and coupling model in the non-resonant state, as shown in Fig. 5 , we can find that the energy model proposed is more accurate than the coupling model based on the coupled-mode theory in both strong and weak coupling cases when the system is in the non-resonant state [11] . Moreover, the energy model is simpler than the circuit model and directly reflect the energy exchange process between the transmitting and receiving coil. Thus, energy model is more applicable to the modeling of WPT system than the other two models.
From (8) and (9), we can find that the output power and transfer efficiency are optimal when the operating frequency ω of the system is equal to the natural resonant frequency ω 1 = ω 2 = ω 0 of the coil in the weak-coupling region.
The optimal power delivered to load and optimal transfer efficiency can be expressed as
Considering that when designing the system, it is expected that the transfer efficiency of the system can still reach more than 80% when the transfer distance is about 30cm, hence, according to (10) and (11), we can determine the optimal working interval of the system at a distance of about 30cm, as shown in Fig. 6 . From Fig.6 , it can be seen that the optimal value of the load resistance is between 2.8 and 38 under the requirements of 30cm transfer distance and 80% transfer efficiency, which provides guidelines for parameter design of class-E inverter.
To understand the characteristics of the WPT system's output power and transfer efficiency varying with transfer distance and load resistance, the 3-D curved diagram of the power delivered to load and transfer efficiency varying with transfer distance and load resistance can be drawn as Fig. 7 . According to Fig. 7 , we can determine the optimal load, the power delivered to load and transfer efficiency under different loads and transfer distances, which laying the theoretical foundation for further design of circuit parameters.
IV. DESIGN AND IMPLEMENTATION OF SYSTEM
The design and implementation of the whole system mainly divide into several relatively important segments including coils, class-E high-frequency inverter, and Bluetooth communication module, as illuminated in Fig. 2 .
A. COILS
Coils are the core components of WPT system to realize electromagnetic coupling resonance, and the power transfer efficiency and the power delivered to load are two key indicators to describe the performance of WPT system. Therefore, combing with (10) and (11), we can get
Where Q 1 = ωL 1 /R 1 and Q 2 = ωL 2 /R 2 are the unloaded quality factor of transmitting coil and receiving coil, respectively. Q L = ωL 2 /R L is the loaded quality factor, and According to (12) and (13), to obtain a high transfer efficiency, the coupling coefficient k and the quality factors of coils Q 1 , Q 2 should be increased when designing the coils, which can be achieved by the size parameters of the coil.
The main parameters of the coils include the material of wire, diameter of wire w, radius of coil r, number of coil's turns N , turn spacing b and shape. Electrical conductivity and ac resistance of various material are different, the ac resistance reduces with the increase of wire diameter, but it will lead to large skin effect, resulting in an increase in loss. The selection of turn spacing is mainly to reduce the proximity effect thereby reducing loss. The radius of coil and coil turns can be determined by taking the quality factor of coils, magnetic field intensity and application into account. In our system, considering the size requirements of small household appliances such as refrigerator and washing machine, the cylindrical spiral coil with 2.5mm diameter of cooper wire, radius of 12.5cm, turns of 12, and turn spacing of 2mm, is chosen to generate a larger magnetic-filed intensity at a VOLUME 6, 2018 distance of 30cm and a higher quality factor of coils. In the case that the size of coil is known, its electrical parameters such as inductance, resistance and quality factor of coil can be calculated [12] .
B. CLASS-E HIGH-FREQUENCY INVERTER
Since the class-E high-frequency inverter can generate large currents at frequencies in the megahertz ranges and provide enough degrees of freedom to adapt the switch voltage to have both zero value and zero slope at switch turn on, which helps to decrease the losses, the class-E inverter was selected to produce a 1MHz sinusoidal current signal, its equivalent circuit diagram is shown in Fig. 2. According to Fig. 6 , the optimal load is about 14 , thus, combining the conditions that the MOSFET works in an ideal state that both the value and the slope of switch voltage are zero at switch turn on, and the efficiency of class-E inverter is 100%, the parameters of class-E inverter can be determined [13] , [14] .
C. BLUETOOTH COMMUNICATION
In recent years, wireless data transmission technology is developing rapidly, the popular wireless data transmission mode has forms of Zigbee, Bluetooth and WiFi, which worked on the 2.4 GHz frequency band. In contrast to Zigbee and WiFi, the power consumption of Bluetooth is lowest, and it has satisfied the distance requirement of the WPT device, thus, Bluetooth communication is a good choice. In the actual operation of our system, empty and light-load failures occur occasionally, it will give rise to a large power loss that may cause a sharp rise in the temperature of the transmitter board to burn the MOSFET or tuning capacitors if the transmitter still works normally, and sometimes, the distance between transmitting and receiving coil decreases that makes larger coupling coefficient and reflected resistance so that the hard switching of class-E inverter occurs. In order to avoid above situations happening, feeding the data of receiver back to transmitter to control class-E inverter by wireless communication plays an important role in stable operation of system. Therefore, the design of Bluetooth communication module is crucial to the whole system.
As shown in Fig. 2 , the Bluetooth communication module consists of two parts, the Bluetooth device in transmitter using slave role automatically enters into the working mode of close protection after power-on initialization, which uses the method of gradually increasing the input power to control the driving signal of switch as shown in Fig. 8(a) , and receives feedback from receiver to control the class-E inverter to work at light-load hiccup mode, as shown in Fig. 8(b) . The Bluetooth device in receiver works using the host role processes and sends the sampling information to transmitter. The entire control program is shown in Fig. 9 . V g is gate driving voltage signal of class-E inverter,V d is the input dc voltage of DC-DC converter on the receiver.
In Fig. 8(a) , T 1 is working time of switch, T 2 is break time of switch, T is time step, at the first stage, switch intermittently works to complete the connection between Bluetooth modules, after being able to receive the feedback, it enters into second stage to gradually increase the turn-on time of switch until it can receive the normal feedback. In Fig. 8(b) , T 3 is working time of class-E inverter, T 4 is break time of class-E inverter, the Bluetooth module controls the class-E inverter to work intermittently.
V. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental prototype of the WPT system is particularly shown in Fig. 10 , and the parameters used in experiment circuits are listed in Table 1 .
A. OUTPUT OF CLASS-E HIGH-FREQUENCY INVERTER
In Fig. 11, channel 1 inverter, channel 4 represents the input dc voltage of DC-DC converter on the receiver.
In Fig. 12(a) , the function of overvoltage protection was well achieved, when the V d exceeds the set value of 55V, the Bluetooth module on the receiver sends a high level to transmitter's Bluetooth module to stop driving class-E inverter, similarly, the principle of overcurrent protection is the same as it. But if there is no Bluetooth module, the V d will keep increasing until the switch and PCB board are burnt out. In Fig. 12(b) , class-E inverter enters into hiccup operating mode to achieve light-load protection according to the feedback from receiver's Bluetooth module when the load current is close to zero or the output power is less than 10W, the MOSFET works for 1.2ms, then stops for 2ms to 10ms, the stop time is determined by actual output power, and the measured light-load loss is shown in Table 2 . From Table 2 , it can be found that the light-load loss reduces greatly with Bluetooth communication. In Fig. 12(c) , after the system has been launched, the working mode of closedistance protection is entered, the MOSFET works normally for 9ms, then stops working for 260ms, if the safe distance is small during the startup process that makes the output voltage exceed the threshold, the Bluetooth module of transmitter continues to output low level to MOSFET to stop working, as shown in Fig. 12(d) . 
C. OUTPUT POWER AND THE TOTAL EFFICIENCY
The static and dynamic waveforms of the experimental system are shown in Fig. 13 , Channel 1 represents the output dc voltage of the system, channel 2 represents the output dc current of the system, channel 3 represents the output voltage ripple. And output power and efficiency curves of the whole experimental system from power-frequency input to dc output within a distance of 25cm to 45cm are shown in Fig. 14 .
From Fig. 13 , it can be noticed that the system has good reliability and stability. In Fig. 13(a) , the output voltage is stable at 48V and its ripple is about 1%. In Fig. 13(b) , the output voltage reached a stable value of 48V in 8ms when the system starts, the overshoot of voltage is only 3.6V. And in the situation that load sharply changes from rated value to zero, the system can be stabilized after 600us with 6.2V overshoot of voltage as shown in Fig. 13(c) . Otherwise, output power and the total efficiency of system decrease with the increase of transfer distance, as shown in Fig. 14 , it can be found that the experimental results are basically consistent with the theoretical analysis, which verifies the validity of the theoretical model. Moreover, within the transfer distance of 30cm, the output power is above 100W and the total efficiency is above 80%, which is enough to meet the power supply need of small household appliances.
VI. CONCLUSION
In this work, we presented a safe and reliable wireless power supply for small household appliances with high efficiency and stable output power. More specifically, a novel energy model was proposed to analyze the energy exchange process between the transmitting and receiving coil, and characteristics of output power and transfer efficiency of WPT system. Furthermore, the Bluetooth communication was used to provide various protection functions to the system, including light load, overvoltage, overcurrent and close distance, which ensures the system operates safety and stably. Finally, a wireless power supply for small household appliances with a stable output dc voltage of 48V, a large output power of 100W, and a high total efficiency of more than 80% within a distance of 30cm, was designed and implemented. And the experimental results also verified the effectiveness of the theoretical model.
